The movements of the intestinal villi in living animals were first described by Gruby and Delafond (1). Since the appearance of their report in 1843, contributions to this subject have appeared sporadically. Among those dealing to a large extent with the movements of the villi and giving little or no consideration to the activities of larger masses of the muscularis mucosae are contributions by Bruecke (2), Hambleton (3), King and Arnold (4), Verzhr and MacDougall (5), Kokas (6), Ludany and Jourdan (7), and Wells and Johnson (8). The subject matter in these treatises centers largely around descriptions of the movements of the villi, the nature of the stimulus or stimuli, and an attempt to correlate the activity of the villi with the processes of secretion and absorption.
There is a fairly close agreement among the different writers in their descriptions of the types of contractions executed by the muscularis mucosae. The more fundamental problems, however, dealing with the nature of the normal physiological stimulus or stimuli, the myogenic or neurogenic origin of the contractions, the physiological function of the contractions, and the role of the nervous mechanisms present have remained unsettled.
With respect to innervation there is general agreement that the sympathetic system supplies excitatory fibres to the muscularis mucosae of the small intestine, rather than inhibitory as in the case of the outer musculature.
tion of the parasympathetics has not been so well worked out.
The func- Thorell (12) found that as a general rule the muscularis mucosae of the stomach was caused to contract by acetylcholine although in some animals this reaction was obtained only from certain regions of this organ. King and Church (11) noted the contractile effect of pilocarpine on the muscularis mucosae of the dog's small intes-tine but did not study the effects of acetylcholine.
The conventional view is that the sympathetic supply to the gastro-intestinal tract is entirely postganglionic and that all the units of the intrinsic plexuses are parasympathetic in origin. A few neuro-histologists (14) contend that both parasympathetic and sympathetic cells are present in the plexuses of Meissner and Auerbach.
The results herewith reported prove that the muscularis mucosae of the large and small intestine of the dog is innervated by both cholinergic and adrenergic excitatory nerves, and supply evidence indicating that ganglion cells with cholinergic terminations and cells with adrenergic endings are both present in Meissner's plexus.
The experimental procedures may be divided into two series: first, in dogs under barbital-sodium anesthesia, areas of the intestinal mucosa were observed with the aid of a binocular microscope during tlie stimulation of parasympathetic and sympathetic extrinsic nerves, and also during and following the intravenous administration of various drugs; in the second series the reactions of isolated segments of intestine from which the outer musculature had been removed were observed and recorded during and following the introduction of drugs into the environmental bath. Observations of the movements and reactions of the intestinal mucosa in intact anesthetized dogs. The method of preparing the mucosa for observation has been described elsewhere (4) . The chief precautions involved are to reduce the interference with the circulation to a minimum, avoidance of undue stretching while fastening the edges to the mounting board, and keeping the surface moist and warm. In the present experiments the field was constantly irrigated with a saline drip warmed so that the outlet temperature was approximately 39OC. A drop of several degrees below this temperature produces immediate diminution in activity which might be confused with or mask the effects of experimental procedures. If these precautions are carefully observed one seldom fails to secure a reactive field and one which shows spontaneous activity for many hours.
Two types of spontaneous activity were manifested under these conditions. One, confined to the individual villi, consisted of swaying, shortening, and lengthening, and was often quite rhythmical.
This activity was sharply localized; other villi in the neighborhood of the active one often remained quiescent, and there was no evidence of a wavelike spread of excitation.
The other type of activity consisted of changes in the topography of the surface, with the appearance of grooves and ridges which often involved the whole field in view under the microscope, or even the whole of the exposed surface. It was at times difficult for the observer to decide whether these changes were incident to activity of the outer musculature or to that of the muscularis mucosae. However, the appearance and disappearance of ridges and grooves were frequently observed when there was no visible evidence of activity on the part of the outer circular and longitudinal muscles.
A few observations were made on the reaction of the mucosa to sharply localized mechanical stimulation.
On touching the tip of a villus with a finely drawn out glass rod we have observed only occasional contraction. More vigorous stimulation, producing distortion of the upper half of the villus, was more often effective.
When the tip of the rod was pushed into the mucosa at the base of the villus a contraction practically always occurred which involved not only the villus stimulated but also a group of adjacent villi. This reaction was always accompanied by the formation of a crater-like depression in the mucosa centered around the locus of stimulation.
This region soon regained its normal appearance after the withdrawal of the stimulus. Four animals were used for the purpose of studying the effects upon the mucosa of stimulating the extrinsic nerves, vagi and splanchnics. Our findings corresponded closely with those previously reported from this laboratory (4) but are at variance with some of the results presented by Ludany and Jourdan (7) . These authors reported observing a fleeting initial contraction incident to peripheral vagal stimulation, followed by complete cessation of activity which lasted throughout the duration of stimulation. We have not observed complete cessation of the activity of the villi during peripheral vagal stimulation in any of our experiments.
In some instances a slight diminution in activity was noted, in others a slight increase, but usually no change. Ridging of the mucosa, however, commonly occurred. These tests were made with stimuli ranging in intensity from that just sufficient to produce slight cardiac slowing to that producing complete cardiac arrest. Atropine sulphate was injected in a few experiments in doses just sufficient to prevent cardiac slowing.
It is well known that doses of this magnitude are not large enough to prevent a response of the outer musculature of the gut incident to peripheral vagal stimulation.
The presence of the drug did not materially alter the responses of the mucosa.
Stimulation of the splanchnic nerves always resulted in marked pallor of the mucosa, but the initial effect upon the contractions of the villi and the topography of the mucosal surface was variable.
Sometimes the villi immediately retracted sharply and ridges and grooves appeared, at other times the mucosa remained quiescent for some seconds.
However, later, regardless of the nature of the initial changes, there was always an increase in the activity of the villi both as to the number contracting and in the rate of their contractions.
This augmentation of activity passed off within several minutes.
It was noted that the onset of the increase in their activity coincided closely with the secondary rise in the arterial blood pressure.
The mucosa was also observed during and following the intravenous injection of 5 cc. of 1: 100,000 solution of acetylcholine. This was sufficient to cause a marked slowing of the heart, considerable fall in arterial pressure, and vigorous activity of the outer musculature of the small intestine. The changes in the mucosa corresponded qualitatively to those observed during and following electrical stimulation of the vagi. The ridging of the mucosa was more pronounced following the injection of the drug than following vagal stimulation but the effect on the activity of the villi was not materially different.
Following the intravenous injection of epinephrine in doses of 5 cc. of 1: 100,000 solution the mucosa quickly became very pale, the villi contracted and the 328 C. E. KING AND MILES H. ROBINSON whole surface became ridged. During the time the mucosa was pale and the villi retracted there was no rhythmical movement, but at a time corresponding closely to the peak in the rise in arterial pressure the surface became pink and the villi began to move rhythmically.
In most instances the movements gradually increased, often became more pronounced than before the drug had been administered, then gradually returned to their original state of activity.
In one animal 1.0 mgm. of nicotine was injected intravenously while the intestinal mucosal surface was being observed.
The mucosa became very pale, the villi contracted sharply and marked pitting, grooving and ridging appeared. Qualitatively the reaction of the mucosa was similar to that observed in the same animal following the injection of epinephrine but wa.s more intense.
Nicotine also caused vigorous contractions of the outer musculature of the gut which did not occur following epinephrine.
During the time the villi were retracted they manifested no spontaneous movements but after the lapse of about a minute the surface became pink, the villi elongated and individual movements began. This occurred before the respiratory excitement and the contractions of the outer layers of intestinal muscles had subsided.
The results of these experiments show that contraction of the muscularis mucosae can be initiated by stimulation of extrinsic parasympathetic and sympathetic nerves supplying the small intestine of the dog, by drugs acting in the region of the terminations of motor nerves, and by drugs acting on ganglion cells in the pathway of innervation.
For the purpose of further clarifying the nature of the peripheral (intrinsic) nervous mechanism involved, experiments on surviving isolated segments of the muscularis mucosae were done.
Experiments with surviving segments of muscularis mucosae. The term muscularis mucosae is here used to designate preparations from the gastro-intestinal tract from which the outer circular and longitudinal muscular layers have been removed.
In all experiments in which fresh material was used the animal was kept alive, under anesthesia, and the segments removed as needed. The routine procedure was to remove the part and immediately submerge it in saline solution at 5OC. where it was left undisturbed for from 15 to 30 minutes.
The solution used was made up by adding salts to distilled water in the proportions used by Tyrode with the exception that no magnesium was added. In this paper this solution is hereafter designated as saline solution.
The removal of the outer muscle layers proved to be more easily accomplished and with less damage after a preliminary period of chilling.
Segments which were to be used several hours or even days after removal were first flushed out with cold saline solution, then immersed in fresh solution and stored in a refrigerator maintained at a temperature of 4 to 6OC. A few segments were removed several hours after the death of the animal.
They retained a fair degree of viability but a longer time was required to establish a steady state and they definitely deteriorated more rapidly than fresh material treated as described above.
The segments, about 4 cm. long, were mounted in a chamber containing 200 cc. of saline solution, and the chamber was partially submerged in a water bath maintained close to 39OC. The oxygen supply was obtained by means of a constant stream of filtered room air. The attachments to the recording lever and to the holder were made at opposite ends of the segment and placed diagonally to each other.
We have not found a satisfactory method for registering contractions of circular muscle, if such exists in the muscularis mucosae. A slightly modified Trendelenberg method gave records of longitudinal contractions but no conclusive evidence of circular activity.
For recording, a light well balanced lever of the first class, giving a magnification of 18 times was used, When first placed into the warm saline solution, the segments gradually lengthened until after the lapse of from 5 to 10 minutes they assumed a fairly constant length. As a rule rhythmical movements did not begin until the length had approached a constant level. In many instances the saline solution was at room temperature when put into the chamber and the tissue was immersed when the temperature was considerably below 39OC. Rhythm ical contSractions seldom began before the bath had warmed to 35OC. or even higher, although this may have been partly a diffusion rather than solely a temperature effect. As a general procedure drugs were not added to the environmental fluid until a constant activity of the tissue had been established.
1. The e$ects of epinephrine. Preparations from all levels of the small intestine and from the middle portion of the large intestine responded with a sustained shortening following the addition of epinephrine to the bath ( fig. 1-A) .
Rhythmical contractions, if present before the drug was added, usually persisted, and more often than not, at a slightly accelerated rate throughout the duration of the response. No primary relaxation was noted in any of the tests in which epinephrine was the only drug added. The minimum dosa*ge required varied considerably with different preparations. Some reacted to dilutions of 1:200,000,000. There were no failures to contract with fresh tissues when the concentration was 1:20,000,000, and concentrations of from 1 :Z,OOO,OOO to 1: 1,000,000 usually sufficed to induce a maximal reaction to the drug. Previous treatment with atropine or nicotine did not prevent the contractile response to epinephrine, but ergotamine tartrate in concentrations of from 1: 100,000 to 1: 120,000 proved to be an effective antagonist. Tissues, if prepared as previously described and then refrigerated, were only slightly less reactive after 24 hours than when freshly removed from the body, but after 96 hours the majority reacted slightly or not at all regardless of the amount of drug added. One specimen gave a small reaction to drugs after it had been refrigerated for 10 days. In no instance, if the aged tissue failed to react too epinephrine, were we able to induce contraction by means of histamine or barium. This statement also applies to aged preparations which failed to be affected by acetylcholine.
2. E$ects of acetylcholine bromide. The reaction to acetylcholine invariably consisted in the shortening of the segment ( fig. 1-B) . As in the case with epinephrine, there was considerable variation between different fresh preparations in the minimal concentration of the drug necessary to elicit a response. A few reacted to 1: 200,000,000, the majority to 1:20,000,000, and in most instances 1: Z,OOO,OOO sufficed to induce a maximal contraction. The effectiveness of C. E. KING AND MILES H. ROBINSON acetylcholine was not impaired by previous nicotinization or by t,hc addition of sufficient ergotamine tartrate to abolish the effect of epinephrine.
A tjwpinc! prevented the reaction to acetylcholine, but as stated previouslv did not affec,t, the response to epinephrine (fig. 2) . As a rule t,he maximal short~ening induced by Fig. 1 acetylcholine was not as great as that following the introduction of epinephrine ( fig. 1-H) . kith lout a few exceptions the time elapsing between the introduction of the drugs int!o the bath and the beginning of the contraction was cwnsiderably shorter for acetylcholine than for epinephrine (figs. I-A, LB). While the technique for introducing the drugs and the method of signaling were not, precise enough to determine latency very accurately, this procedure and also tihe mixing and dispersion of the drugs in the bath was fairly uniform, so that, it is not likely that the difference noted was fortuitous.
The significance of this difference must for the present remain conjectural. The structures affected by acetylcholine may be more superficial, the drug may penetrate tissues more rapidly than epinephrine, or there may be a fundamental difference between the structures affected.
Acetylcholine
and epinephrine added to the bath simultaneously.
The height of the contraction induced when epinephrine and acetylcholine were put into the environmental fluid at the same time, while higher than the contractions elicited by each drug alone was never their sum ( fig. 1-C) . The deficit in the height of the contraction when both drugs were used simultaneously cannot be accounted for on the basis of deterioration of the tissue, because in almost every instance the reactions to each drug in control tests following the t,est wit,h both used concurrently, were of the same magnitude as in preliminary control tests.
Efects of nicotine.
Nicotine was employed in isolated preparations of the muscularis mucosae as a test for functional ganglion cells and also as a part of the procedure for their differentiation.
Preparations of fresh isolated segments of muscularis mucosae invariably cont,ract,ed following the initial dose of nicotine ( fig. 3-A) . This effect occurred after atropinieation sufficient to prevent a response to acetylcholine ( fig. 3-19 , and also after treatment with ergotamine tartrate in an amount1 adequate t,o prevent, a reaction to epinephrine ( fig. 3-C) . After t,reatment with both atropine and ergotamine, however, nicotine failed to induce any marked contract,ion ( fig. 3-I) ) instead, a small brief relaxation usually occurred.
The effect of the initial dose of nicotine on preparations which had been re-frigerated for several days or longer differed from that found with fresh material. The usual reaction was biphasic, either a slight contraction followed by relaxation, or a relaxation followed by a slight contraction ( fig. 3 -E, preparation 38 hrs. old). These effects were of short duration and the segments soon assumed their original lengths.
This type of response was encountered only twice with tissues which had been in the refrigerator less than 24 hours, and in both instances they had been removed from the animal several hours after death.
The dosages of nicotine employed, ranging from 1:40,000 to 1: 20,000, were sufficient to establish a state in the tissues such that succeeding doses were without effect. Under these conditions spontaneous rhythmical movements were not abolished, nor was the reactivity to acetylcholine or epinephrine appreciably altered.
5. Segments from the large intestine.
Only two experiments were done on material prepared from the large intestine.
The removal of the outer musculature from the large intestine was more difficult than from the small intestine, chiefly because of the greater abundance of connective Cssue strands extending from the outer into the inner layers.
The spontaneous activity of these segments, their reactions to drugs and the duration of their survival were qualitatively similar to the results obtained with material from the small intestine.
Histological studies of the intrinsic plexuses of the large intestine have not been as extensive as those made on the plexuses of the small intestine, but to our knowledge no fundamental structural difference between them has been demonstrated. The results presented in this report support this view from a functional standpoint. DISCUSSION.
1. Assumptions with regard to drugs used. The validity of any physiological conclusions drawn on the basis of the reaction of animals and of tissues to drugs depends upon the correctness of the assumptions with reference to the loci and nature of the actions of the drugs.
Acetylcholine is assumed to produce its effect, when injected into intact animals, by its action in the region of nerve endings in peripheral tissues, by its effects on ganglia in the chain of innervation, and also possibly by its central effect. Hence the observation that the injection of acetylcholine into dogs is followed by a definite change in the topography of the intestinal mucosa does not in itself prove the presence of nerves with cholinergic endings in the muscularis mucosae.
In like manner, the contraction produced by acetylcholine in isolated segments of the muscularis mucosae might be due to the stimulating action of the drug on ganglion cells of Meissner's plexus with excitatory adrenergic terminations.
(Segments of muscularis mucosae prepared as described are devoid, or nearly so, of cell bodies of Auerbach's plexus, but Meissner's plexus is left intact.)
It is assumed that epinephrine acts peripherally at the effector cells in the region of the termination of adrenergic nerves.
With respect to nicotine, the conventional view is adopted that the initial reactions to the drug are due to its stimulating effect on ganglion cells; an effect which is soon replaced, if the dose is large enough, by depression or paralysis of the nerve cells.
Evidence for two kinds of excitatory motor ganglion cells in Meissner's plexus.
Since it is well known from histological studies that Meissner's plexus is rich in ganglion cells, the initial contraction produced by nicotine in segments of fresh muscularis mucosae is interpreted as being due to the drug's stimulating effect on the ganglia, and the failure to obtain contractions following subsequent doses of nicotine is considered evidence that the paralytic stage has supervened.
That the nicotine is acting only on the ganglia in these experiments is further supported by the following facts: first, typical contractile reactions are induced by nicotine in fresh segments of the muscularis mucosae after previous treatment with either atropine or ergotamine alone, but do not occur if both atropine and ergotamine have previously been added; secondly, the induction of the paralytic state by nicotine does not alter the character of the reactions to either epinephrine or acetylcholine, neither is the tone of the segment (length) or the character of its spontaneous movements appreciably affected.
In our opinion, therefore, these facts are best interpreted as indicating the presence in Meissner's plexus of motor nerve cells whose terminations are cholinergic and of functionally similar cells whose endings are adrenergic.
The presence of motor endings extrinsic in origin, of either or both types, is not excluded.
The data at hand do not permit the formation of definite conclusions with reference to the proportions or distribution of different motor elements in Meissner's plexus.
In the intact dog the more pronounced effects of splanchnic stimulation and of epinephrine on the activity of the villi as compared with the slight and indefinite effects of vagal stimulation and of acetylcholine, might be interpreted as indicating that the muscular layer from which come the strands extending into the villi is predominantly innervated by nerves with adrenergic endings.
This problem still awaits further investigation. The more pronounced reaction of the villi and the more marked ridging and grooving following the injection of nicotine into the intact animal iS interpreted to be due taneous stimulation of all the motor cells in th .e submucous plexus.
to the simul-3. The question of intrinsic inhibitory nerves in the muscularis mucosae. The evidence available to us for the existence of an inhibitory mechanism in the muscularis mucosae is scanty and inconclusive.
We have not been able to confirm the observations of Ludany and Jourdan (7) that peripheral vagal stimulation causes any inhibition of the activity of the villi. The picture as seen by us both during vagal stimulation and following the injection of acetylcholine, conforms better to what one might expect from a contraction of a considerable portion of the muscularis mucosae with little or no effect upon the musculature of the villi. Stimulation of the splanchnic nerves and the injection of epinephrine induce a brief state of quiescence in the villi and also in the whole mucosal surface; but rather than a relaxation, it is a quiescence associated with a ridged and grooved mucosal surface and retracted villi, a picture not characteristic of inhibition.
The relaxation induced by nicotine in isolated segments of the muscularis mucosae which have previously been treated with atropine and ergotamine might be construed as indicating the presence of ganglion cells with adrenergic inhibi- The relaxation of aged preparations incident to the introduction of nicotine into their environs might also be explained on the salme basis. In this case it would be necessary to assume that the inhibitory ganglion cells remain viable longer than the excitatory cells. As an alternative hypothesis one might conceive the relaxing effect of nicotine under the conditions described to be due to a direct depressant effect of the drug on the muscle cells. Regardless of the true nature of this reaction, it is a relatively feeble one, and in the intact animal or in fresh untreated isolated segments it could easily be entirely overshadowed by the marked contractile reaction induced by nicotine.
Further study is needed to furnish a more conclusive answer to this question.
4. The myogenic origin of the contractions. E$ects of aging. Spontaneous movements occur in fresh material after the preparations have been rendered non-reactive by ergotamine and atropine to either epinephrine or acetylcholine, and are demonstrable in aged tissues so long as the segments will react to either barium or histamine. are basically myogen .i evidence that in the aging muscularis mucosae the mechanisms through which nicotine mediates contraction disintegrate earlier than those through which acetylcholine and epinephrine act. With reference to the latter two drugs we have obtained no evidence for any difference in the duration of reactivity to them
The view that .c in origin is, the contractions of the therefore, supported. mu ou scularis mucosae r results present in the aging muscularis mucosae.
Furthermore, aged tissues which react only feebly or respond not at all when treated with acetylcholine or epinephrine behave in like manner when tested with histamine or barium.
5. Functions of the muscularis mucosae. In current textbooks of physiology the discussions relative to the physiological role of the muscularis mucosae deal almost entirely with the movements of the villi and their possible effects upon the processes of secretion and absorption.
The most frequently expressed view is that the villus acts as a pump thus facilitating the flow of lymph from the intestine.
In the present investigation no particular effort was made to clarify this aspect of the problem.
In an earlier because they could obtain no con elusive evid PaPer (4 .ence of a ) King and collaborators, pumping effect, suggested that the movements of the villi serve to facilitate absorption because of a local stirring or agitating effect.
Wells and Johnson (8) also were not able to support the "pump" theory and emphasized the importance of the circulatory changes in the villi induced by their movements.
The muscularis mucosae is well developed in the gastro-intestinal tract of mammals and birds, although its thickness is not the same for all species.
There are no villi in the stomach and large intestine, and even in the small intestine that portion of the muscularis mucosae which extends into the villi represents only a minor fraction of the whole musculature.
Because of these facts alone it is difficult for one to escape the conclusion that the activity of the villi, whatever this accomplishes, represents only a small part of the activity and function of the muscularis mucosae as a whole.
On the basis of numerous observations of the spontaneous and induced changes in the topography of the mucosal surface in intact animals, and the recorded activities of isolated segments, the authors are of the opinion that the activities of the muscularis mucosae can and do affect the transport and disposition of material in the gastro-intestinal canal. This view in recent years has been accorded increasing favor among roentgenologists, pioneered by Forssell (13) .
While the muscularis mucosae appears to be essentially an autonomous mechanism, the nature of its innervation is such that outbursts of autonomic activity, whatever the cause, could profoundly affect its movements. The effects of great changes stress upon the digesti ve tract may thus in part be vity of the inner muscu lature, rather than entirely to due to in the acti changes in the activity of the outer layers. emotional SUMMARY 1. The muscularis mucosae of the small and large intestine of the dog is innervated by both cholinergic and adrenergic motor nerves.
2. Meissner's plexus con tains ganglion cells linergic, and also cells w ith adrenergic end ings.
the endings of which are cho-3. No conclusive evidence has been obtained for the presence of an inhibitory neural mechanism in the muscularis mucosae.
4. The rhythmic movements of the muscularis but can be initiated or augmented through its nervous mechanism.
5. The muscularis mucosae may play an important mechanical role mucosae are basically myogenic, not directly connected with the processes of secretion and absorption.
